Membrane potential is well-studied in neuronal physiology, but its role in brain development and cell fate determination is less well understood. In two recent studies, bioelectric properties of progenitors and migrating neurons are shown to be tightly regulated, and their disruption leads to abnormalities in fate determination and neuronal positioning.
The human brain develops through a series of well-orchestrated fate decisions that generate a variety of neuron types with specific positioning and projection patterns. These events must proceed in a timely fashion to allow for the formation of complex neural networks and higherorder cognition. While bioelectric properties of neurons are known to be key to their excitability and therefore neural transmission, membrane potential has not typically been associated with neurodevelopment. However, recent work from Vitali et al. (2018) and Smith et al. (2018) demonstrate an important role for bioelectrical properties in neural fate determination and neuronal migration that is independent of its role in neuronal excitability, opening up new directions of study in brain development.
Bioelectric properties of cells are typically examined in the context of excitable cells, such as neurons and muscle cells. Resting membrane potential in these cells is tightly regulated and maintained in a polarized state such that depolarization leads to propagation of action potentials along axons and muscle fibers to allow for neural transmission or muscle contraction. However, increasing attention is being placed on non-excitable cells and the role of bioelectric state in development, regeneration, and homeostasis of a wide range of tissues (Busse et al., 2018; McLaughlin and Levin, 2018) .
As brain development generates the key electrically active cells of the body, namely neurons, somewhat more attention has been paid to neural stem cells in terms of their bioelectric state. However, even in this context, it has not been clear whether electric properties of these non-excitable progenitors played any role in their fate de-cisions. In vitro work with dissociated neural progenitors, as well as ex vivo slice cultures have pointed to a potential role for membrane potential in progenitor proliferation (Aprea and Calegari, 2012; LoTurco et al., 1995) . However, the specific effects elicited were contradictory in certain contexts and developmental stages making the interpretation somewhat ambiguous.
To investigate the potential for bioelectric state to regulate neural progenitor dynamics, Vitali and Fievre et al. looked in vivo by experimentally hyperpolarizing neural stem cells at various stages of mouse cortical neurogenesis through overexpression of an inward-rectifying potassium channel that lowers resting membrane potential (Vitali et al., 2018) . This leads to precocious generation of normally later-born neuron types, thus speeding up neural stem cell fate determination ( Figure 1 ). Perhaps more strikingly, the authors describe a reversal of fate determination when the opposite manipulation is performed whereby neural stem cells are instead depolarized. Thus, neural fate decisions are tightly linked to polarization state and membrane potential.
Through a series of careful manipulations and lineage tracing experiments, the authors demonstrate that the effect of hyperpolarization is directly on the radial glial neural stem cells and that membrane potential regulates the division mode of these progenitors. Hyperpolarization leads to increased indirect neurogenesis through generation of intermediate progenitors (Figure 1) , rather than generation of neurons directly from the radial glial stem cell. Thus, resting membrane potential regulates the division mode of neural stem cells, leading to differences in the resultant neuron types generated. Such a role would be expected to have significant effects on later neuronal makeup and network connectivity.
To identify signaling pathways influencing cell fate decisions through membrane potential, the authors used singlecell RNA-seq from hyperpolarized progenitors. This revealed not only precocious expression of later-stage molecular markers, but also differential expression of several Wnt signaling associated genes. As Wnt signaling is known to regulate neural progenitor fate determination, the authors examined Wnt pathway activity at different stages and upon hyperpolarization. Using a Wnt reporter, they found decreased Wnt pathway activity over time, which could be further decreased upon hyperpolarization. Furthermore, expression of the downstream Wnt pathway effector b-catenin could rescue the effect of hyperpolarization when combined with overexpression of the potassium channel.
In a parallel study, Smith et al. identified a voltage-gated sodium channel in a human cortical malformation with disrupted folding and polymicrogyria in the perisylvian cortex (Smith et al., 2018) , a region involved in language acquisition. Because these patients did not typically exhibit epilepsy, the authors reasoned that the genetic defect may actually affect non-excitable cells of the developing cortex, rather than the usual role of such ion channels in neuronal transmission. Electrophysiological measurements of cells expressing the channel involved, SCN3A, revealed a non-inactivating persistent current that was greater in patient-mutated versions. This effect would be expected to depolarize the cells and enhance excitability. However, the authors demonstrated that Developmental Cell 48, January 7, 2019 Crown Copyright ª 2018 Published by Elsevier Inc. 1 SCN3A was primarily expressed at developmental stages when neuronal activity is not yet present. Furthermore, human neurons at this stage of high SCN3A expression did not exhibit regenerative action potentials, suggesting this channel may function in bioelectric signaling distinct from classical neuronal transmission.
As patients with mutations in SCN3A exhibited specific defects in cortical folding, the authors examined the effect of expression of a patientmutated form of SCN3A in development of the folded ferret brain. Overexpression of the mutant form, but not wildtype, led to striking effects on the gyrification pattern with numerous displaced neurons and subcortical heterotopias. These results, combined with in situ expression analysis, point to a nontypical role for this ion channel in neural progenitors of the subventricular zone and early neuronal migration (Figure 1) . Indeed, much earlier work (Bahrey and Moody, 2003) has demonstrated the presence of increasing numbers of cells exhibiting sodium currents in the embryonic cortex concomitant with generation of subventricular zone precursors, leading to the hypothesis that such currents are important for the generation of these precursors (Aprea and Calegari, 2012) . However, direct correlation and causation has not yet been demonstrated.
Both studies demonstrate an important, but non-classical, role for ion channels and membrane potential in neural development. Though the two have ventured into this fairly uncharted territory from different starting points, one from mouse development and the other from human genetics, there are similarities in the experimental approaches used. By overexpressing the ion channel of interest and examining bioelectric properties as well as the phenotypic effect on fate and neuronal migration, cause-and-effect conclusions can be drawn about the importance of electrical properties of these cells in neural development. The effect of hyperpolarization on Wnt signaling in neural stem cells is highly interesting and points to a mechanism in fate determination. However, how these changes in membrane potential actually regulate Wnt activity is still unclear. Furthermore, the effects on other pathways and processes, such as intracellular calcium signaling, remains to be examined.
Finally, these findings of bioelectric signaling in progenitors during development provide support for similar effects in adult neural stem cells (Tozuka et al., 2005; Yasuda et al., 2008) , and it will be interesting to examine in more depth whether adult progenitors are similarly reliant on membrane potential regulation of signaling such as Wnt. While the study of bioelectrical signaling in development is still somewhat in its infancy, the advent of elegant lineage tracing tools, molecular analyses such as RNA-seq, and in vivo and in vitro methods should enable novel discoveries in this field. There is still much to study, and it is likely we will see more measurements of membrane potential in progenitors and newborn neurons, as well as its experimental manipulation to uncover new roles for this old player. As neurogenesis proceeds, membrane potential (V m ) of radial glial neural stem cells (RG, dark green) becomes increasingly hyperpolarized. This leads to switching of division mode from direct neurogenic that generates layer IV neurons to indirect neurogenic that generates an intermediate progenitor which then generates upper layer II/III neurons. Depolarizing sodium currents are also present to an increasing degree concomitant with subventricular zone progenitor production, and its disruption leads to neuronal migration defects and polymicrogyria.
